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Abstract
Detoxification and homeostatic acquisition of metal ions are vital 
for all living organisms. We have identified PCA1 in yeast Saccharo-
myces cerevisiae as an overexpression suppressor of copper tox-
icity. PCA1 possesses signatures of a P1B-type heavy
 metal-trans-
porting ATPase that is widely distributed from bacteria to humans. 
Copper resistance conferred by PCA1 is not dependent on cat-
alytic activity, but it appears that a cysteine-rich region located in 
the N terminus sequesters copper. Unexpectedly, when compared 
with two independent natural isolates and an industrial S. cerevi-
siae strain, the PCA1 allele of the common laboratory strains we 
have examined possesses a missense mutation in a predicted ATP-
binding residue conserved in P1B-type ATPases.
 Consistent with a 
previous report that identifies an equivalent mutation in a copper-
transporting P1B-type ATPase of a Wilson
 disease patient, the PCA1 
allele found in laboratory yeast strains is nonfunctional. Overex-
pression or deletion of the functional allele in yeast demonstrates 
that PCA1 is a cadmium efflux pump. Cadmium as well as copper 
and silver, but not other metals examined, dramatically increase 
PCA1 protein expression through post-transcriptional regulation 
and promote subcellular localization to the plasma membrane. 
Our study has revealed a novel metal detoxification mechanism in 
yeast mediated by a P1B-type ATPase that is unique
 in structure, 
substrate specificity, and mode of regulation. 
Abbreviations: MT, metallothionine; GFP, green fluorescent pro-
tein; PGK, phosphoglycerate kinase; ORF, open reading frame; 
ICPMS, inductively coupled plasma mass spectrometry; PBS, 
phosphate-buffered saline; GPD, glyceraldehyde-3-phosphate 
dehydrogenase. 
Introduction 
Excretion and detoxification of nonphysiological met-
als, homeostatic absorption, and utilization of nutritional yet 
toxic metals are fundamental biological processes. Metal tox-
icity and deficiency resulting from defects in metabolism and 
excess accumulation  through environmental contamination 
are implicated in a number  of disorders, including failure 
in normal growth and development and initiation and pro-
gression of degenerative diseases (1–7).  For instance, a ge-
netic defect in copper excretion in the liver leads to Wilson 
disease exhibiting hepatic failure and neuronal dysfunctions 
(7). Cadmium is a well known industrial and environmental 
pollutant implicated in cancer, neurological disorders, repro-
ductive defects, and endocrine disruption (8–12). Cadmium 
exerts  its toxic effects by the perturbation of cellular redox 
balance,  inhibition of DNA repair, disruption of metal ion 
homeostasis,  and alterations in signal transduction (8–12). 
Mechanistic insights into metal metabolism in living organ-
isms would facilitate prevention and treatment of metal-re-
lated disorders and develop methods for efficient remedia-
tion of toxic metals from the environment. 
Organisms have evolved defense mechanisms to combat 
the toxic  effects of heavy metal ions. The P1B-type ATPase 
family of heavy metal transporters that are distributed from 
bacteria to humans extrude toxic metal ions such as copper, 
silver, zinc, cobalt, lead, and/or cadmium from the cell (13–
18). Functional characterization of this family of transporters 
has supported  the conclusion that efflux mechanisms play 
critical roles in metal detoxification in bacterial cells (13–15). 
Copper-specific P1B-type ATPases have been identified in eu-
karyotes as well (2, 7, 16, 17). Cloning of genes defective in 
Menkes and Wilson disease have revealed that two P1B-type 
ATPases (ATP7a and ATP7b) play essential roles in copper 
acquisition and excretion in humans (2, 7, 16). Plants express 
copper-, zinc-, cobalt-, lead-, and/or cadmium-translocating 
ATPases that appear to be involved in distribution and com-
partmentalization of these metal ions (17, 18). 
Although metal efflux systems have begun to be char-
acterized  (16–24), it has been suggested that in eukaryotes 
metallothionine (MT),2 a Cys-rich low molecular weight pro-
tein, and GSH-mediated sequestration appear to be the major 
mechanism in neutralizing toxic metals (25–29). Ycf1 in Sac-
charomyces cerevisiae, a vacuolar membrane ATP-binding cas-
sette (ABC) transporter,  sequesters glutathione-conjugated 
cadmium (30). Phytochelatin,  a GSH polymer synthesized 
in plants and yeast Schizosaccharomyces pombe, also detoxi-
fies heavy metals (27). Metal-responsive transcription factor 
1 (MTF-1) regulates basal and metal-inducible expression of 
MTs and other genes in mammals, fruit fly, and fish (31–34). 
In contrast to mammalian genes encoding MT, copper but 
not cadmium and zinc induces the Cup1 gene in S. cerevisiae 
through the ACE1 transcription regulator (35, 36). Consistent 
with their critical roles in induction of the genes involved in 
metal detoxification, deletion of MTF1 in mice and ACE1 in 
S. cerevisiae results in enhanced metal sensitivity (32, 35). 
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To gain better insights into the mechanisms of heavy 
metal metabolism, we have selected S. cerevisiae cDNAs that 
suppress copper sensitivity of the ace1Δ yeast strain. One of 
the cDNAs identified encodes the putative P1B-type ATPase, 
PCA1, which has been suggested  to be involved in copper 
and/or iron homeostasis (37, 38). Previously,  the cadmium 
resistance of a mutant yeast strain selected on toxic concen-
trations of cadmium was mapped to the PCA1 gene  that 
contained multiple mutations (39). However, the role and 
mechanisms of action of PCA1 in metal metabolism have re-
mained elusive. Here we show that PCA1-mediated copper 
resistance is dependent on its Cys-rich N-terminal domain. 
The PCA1 allele in all laboratory yeast strains examined car-
ries a missense mutation in a conserved residue resulting in 
loss of function. The wild-type PCA1 allele confers cadmium 
resistance by an efflux mechanism accompanied by a novel 
mode of metal-dependent post-transcriptional regulation. 
 Experimental Procedures
Yeast Strains, Media, and Phenotypic Tests—Strain BY4741 
(MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and null mutants 
ace1Δ::KanMX6, pca1Δ::KanMX6 were purchased from Open 
Biosystems. Strain RM11-1a (40) (MATa leu2Δ0 ura3Δ0 HO::
KanMX6) was kindly provided by Leonid  Kruglyak (Fred 
Hutchison Cancer Research Center, Seattle, WA).  RM11-1a 
pca1Δ::URA3 and BY4741 ace1Δ::KanMX6 Δpca1:HIS3 were 
generated  by PCR-based homologous recombination (41). 
For consistency  and simultaneous comparisons of copper 
and cadmium sensitivity,  all experiments unless indicated 
otherwise were performed using  the BY4741 ace1Δ strain. 
Plasmids were transformed into yeast using the lithium ace-
tate procedure (42). Yeast cells were grown on synthetic com-
plete (SC) media (2% dextrose or galactose, 0.67% yeast nitro-
gen base, and 0.2% dropout mixture for plasmid selection). 
For phenotypical analysis, ~5 µl of yeast cells (A600 1.0) were 
spotted on selective media (1.5% agar) supplemented  with 
the indicated concentrations of cadmium (CdCl2) or copper 
(CuCl2) (Sigma) and incubated at 30 °C for 2 days. 
Selection of cDNAs Conferring Copper Resistance—Strain 
BY4741 ace1Δ strain was transformed with a yeast cDNA li-
brary (43). Transformants (~1 x 106 colonies) growing on SC-
Ura media were collected by resuspending in sterilized dis-
tilled water,  diluted, and plated on galactose-containing 
SC-Ura media supplemented  with copper (0.1 mM CuCl2). 
Plasmids containing cDNA were isolated from yeast colonies 
growing on selection media and identified  by sequencing. 
cDNA-dependent copper resistance was confirmed  by re-
transformation of the isolated plasmid into ace1Δ yeast cells. 
Plasmid Construction—The PCA1 open reading frame 
(ORF)  was PCR-amplified from yeast genomic DNA and 
cloned into BamHI  and XhoI restriction sites of a single-
copy yeast expression  vector for GPD (p413 GPD) (44) or 
GAL1 (p413 GAL1) (45) gene  promoter-mediated expres-
sion. The coding sequences of the PCA1  N-terminal do-
mains (amino acids 1–392 and 1–452)  were PCR-amplified 
with a primer set containing a start codon  and an artifi-
cially generated stop codon and were subcloned into BamHI 
and EcoRI sites of p413-GPD. The PCA1 truncation mutant 
(amino acids 393–1216) was generated by PCR amplifica-
tion of the sequences, including start and stop codons, and 
was subcloned  into p413 GPD at BamHI and XhoI restric-
tion sites. PCA1-GFP and PCA1-FLAG were constructed by 
generation of a NotI restriction site after the start codon for 
insertion of NotI-flanked green  fluorescent protein (GFP) 
without start and stop codons or two  tandem FLAG epit-
opes, respectively. For natural promoter-driven expression, 
the PCA1 ORF, including 810 bp upstream of the start posi-
tion, was cloned into SacI and XhoI restriction sites of plas-
mid pRS413 (46). Site-directed mutagenesis was conducted 
by the primer overlap extension method (47). All constructs 
were confirmed by sequencing. 
Fluorescence Microscopy—Yeast cells were transformed 
with PCA1-GFP or PCA1-WT-GFP expression plasmids and 
cultured in SC-His media at 30 °C with agitation until mid-
log phase. Metals were added to the culture media for 15 min 
to 2 h prior to imaging. Cells were collected, washed in phos-
phate-buffered saline (PBS), and imaged on a confocal micro-
scope (Olympus FV500). 
Metal Measurements—Yeast cells were cultured until mid-
log phase, and metal ions were added to the culture media 
for 6 h. Cells were collected in 2-ml aliquots and washed two 
times in PBS containing 10 mM EDTA. Cell pellets were dis-
solved in 70% nitric acid at 60 °C for 30 min and diluted to 
10% nitric acid. To measure cadmium excretion, cells were 
cultured with 5 mM CdCl2 for 30 min, washed two times in 
PBS containing 10 mM EDTA, and resuspended in fresh me-
dia prior to sample collection at the indicated time points. 
Total cellular metal levels were measured by inductively 
coupled plasma mass spectrometry (ICPMS) at the Depart-
ment of Geological Sciences, University of Michigan. 
Immunoblotting—Total protein extracts were prepared 
from yeast cells using glass beads and Triton X-100 (1%) as 
described previously (48). Protein concentrations were mea-
sured by the  BCA method (Pierce) according to the man-
ufacturer’s specifications.  Protein samples were resolved 
by reducing SDS-PAGE and transferred  to a nitrocellulose 
membrane. PCA1-GFP was detected by chemiluminescence 
using a primary rabbit anti-GFP polyclonal antibody (1:2000) 
(Santa Cruz Biotechnology) and secondary goat anti-rabbit 
horseradish  peroxidase-conjugated antibody (1:5000) (Santa 
Cruz Biotechnology). PCA1-FLAG was probed with primary 
mouse anti-FLAG M2 monoclonal antibody (1:1000) (Sigma) 
and secondary sheep anti-mouse IgG  horseradish peroxi-
dase-conjugated antibody (Amersham Biosciences)  (1:5000). 
Loading control, phosphoglycerate kinase (PGK), was  de-
tected by chemiluminescence using mouse monoclonal anti-
PGK  antibodies (1:4000) (Molecular Probes) and secondary 
sheep anti-mouse  IgG horseradish peroxidase-conjugated 
antibody (1:5000) (Amersham Biosciences). 
Northern Blotting—Yeast cells were cultured until mid-log 
phase and supplemented with either 50 µM CdCl2 or 50 µM 
CuCl2 for 15 and 60 min. Total RNA was extracted from cells, 
and 25 µg was separated on an RNA gel (0.75% agarose and 
2% formaldehyde) and transferred to a nitrocellulose mem-
brane (Protran). Gene-specific DNA probes labeled with [-
32P]dCTP (Amersham Biosciences) were generated using the 
random primer  labeling system (Invitrogen). Hybridization 
of radiolabeled probes with RNA transcripts was performed 
by methods described previously (49). Relative mRNA levels 
were detected by autoradiography. 
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Results 
PCA1 N-terminal Domain Confers Copper Resistance in 
Yeast—To identify new factors involved in heavy metal de-
fense, we carried out a selection of S. cerevisiae cDNAs that 
suppress lethality  of the ace1Δ yeast strain on toxic cop-
per media. A cDNA encoding  PCA1, one of two P1B-type 
ATPases in the S. cerevisiae genome (37, 50), was identified. 
Yeast GPD gene promoter-driven constitutive  expression 
of PCA1 confers resistance in the ace1Δ strain to copper (0.1 
mM CuCl2) compared with empty vector transformed  con-
trol cells (Figure 1A). Deletion of PCA1 in the ace1Δ strain 
resulted in a slight increase in sensitivity to copper toxicity 
(Figure 1A). However, in a wild-type strain, copper resis-
tance was not easily discernible upon either overexpression 
or deletion of PCA1 (data not shown). 
PCA1 contains all of the conserved features of the P1B-
type ATPase family, which is specific for heavy metal trans-
port (16–18, 51) (Figure 1B). These features include eight pre-
dicted transmembrane domains, where an intramembranous 
metal-transporting CPX motif  is located in the sixth trans-
membrane domain (Figure 1B). The  catalytic domains re-
side within cytosolic loops that include the nucleotide bind-
ing domain (N-domain) and the phosphorylation  domain 
(P-domain) (Figure 1B). PCA1 contains a single CXXC heavy 
metal-binding motif located within the N-terminal region. 
An intriguing feature of PCA1 compared with other P1B-type 
ATPases is a Cys-rich N-terminal extension ~550 amino ac-
ids before the  first transmembrane domain (Figure 1B). To 
ascertain whether the observed copper resistance by PCA1 is 
dependent on ATPase function, we carried out site-directed 
mutagenesis of conserved residues of this family of proteins 
and assayed for copper sensitivity.  However, copper resis-
tance remained unchanged in all mutants (Figure 1C), sug-
gesting that copper resistance is not dependent  on metal 
translocation. Given that the N terminus contains several 
cysteine residues (33 Cys), which could serve as copper li-
gands, we tested whether this domain could independently 
confer resistance.  A peptide corresponding to amino acid 
residues 1–452, which includes the CXXC motif (Figure 1B), 
was expressed in the ace1Δ strain. Expression of this peptide 
resulted in copper resistance above that of full-length PCA1, 
presumably by chelating copper ions in a manner analogous 
to MT (Figure 1D). Copper resistance is maintained even af-
ter mutation of the conserved CXXC motif (C421A, C423A) 
(Figure 1D) implying the existence of other copper coordina-
tion site(s) in addition to this well characterized metal-bind-
ing motif. 
Common Laboratory Yeast Strains Possess a G970R Muta-
tion in PCA1—S288c is a commonly used S. cerevisiae haploid 
strain  in which its entire genome has been sequenced (52). 
Comparisons  of the PCA1 sequence of S288c with natural 
isolates, RM11-1a (40) and YJM789 (53), using BLAST (NCBI, 
www.ncbi.nlm.nih.gov)  revealed that the S288c strain car-
ries a single nucleotide change in the PCA1 gene, which re-
sults in a G970R substitution. (Figure 2). Our sequencing re-
sults of PCA1 cloned from the RM11-1a strain as well as an 
industrial bakers’ yeast strain (Fleischmann’s) confirmed the 
G970R substitution. To determine whether this mutation was 
unique to the S288c strain, we sequenced the PCA1 ORF of 
several laboratory yeast strains, BY4741 (Open Biosystems), 
DTY1 (54), EG103 (55), SKY9 (56), and YPH98 (46). All con-
tained the G970R mutation (data not shown), which suggests 
a common  lineage among theses strains. Furthermore, se-
quence alignments of prokaryotic, yeast, plant, and human 
P1B-type ATPases show  that this Gly residue is invariantly 
conserved among this family of proteins (Figure 2). Recently, 
structural studies of the nucleotide binding domain (N-do-
Figure 1. Copper resistance is mediated by the Cys-rich N-termi-
nal domain of PCA1. A, PCA1 overexpression confers copper resistance. 
BY4741 ace1Δ transformed with empty vector (p413-GPD) or PCA1 expres-
sion vector and BY4741 ace1Δ pca1Δ yeast cells were cultured in SC (SC-
His) media and spotted on solid media supplemented with copper (CuCl2) 
at the indicated concentrations. B, schematic depiction of PCA1 sequence 
features. PCA1 contains the signatures of a P1B-type ATPase, eight predicted 
transmembrane domains (black boxes), intra-membranous CPX motif within 
the sixth transmembrane domain, a CXXC metal binding domain, a phos-
phorylation domain (P), and a nucleotide binding domain (N). The N-terminal 
Cys-rich domain is shaded gray. Conserved residues that have been mutated 
for characterization are indicated below each domain. C, copper resistance 
conferred by PCA1 is not dependent on metal translocation. BY4741 ace1Δ 
cells transformed with empty vector, a PCA1 expression vector, or PCA1 
with mutations in the CXXC motif (C421A and C424A), the CPX motif 
(C859A), or the aspartyl phosphorylation residue (D903A) were spotted on 
SC-His media with or without copper supplementation. D, copper resistance 
is conferred by the PCA1 N terminus. Cells expressing empty vector, PCA1, 
PCA1 residues 1–452, or PCA1 residues 1–452 with site-directed mutations 
of the predicted metal-binding cysteines (C421A, C424A) were spotted on 
SC-His media with or without copper supplementation.
Figure 2. Yeast laboratory strains contain 
a G970R mutation in PCA1. A region of 
the predicted nucleotide binding domain (N-do-
main) of PCA1 from strains S288c, RM11-1a, and 
YJM789 were aligned with the corresponding re-
gion of other P1B-type ATPases, including human 
copper-transporting ATP7a and ATP7b, S. cerevi-
siae CCC2, A. thaliana HMA4, S. aureus CadA, and 
Archaeoglobus fulgidus CopA. Boxes highlight con-
served residues. Asterisk marks G970R substitu-
tion identified in the S288C and other laboratory 
S. cerevisiae strains. Sequences were obtained 
from data bases at The National Center for Bio-
technological Information (NCBI), and alignments 
were performed with ClustalX (1.81).
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main) of two P1B-type ATPases (CopA and  ATP7b) places 
this Gly residue within an ATP-binding pocket (57, 58). The 
functional importance of this residue is further underscored 
by an equivalent G1101R substitution in ATP7b previously 
reported in patients with Wilson disease (59). Together, our 
data along with recent reports strongly support the conclu-
sion that many laboratory S. cerevisiae strains contain a mu-
tation of a critical residue in PCA1 that may play essential 
roles in function, expression, and/or regulation. 
 PCA1 Natural Allele Confers Hyper-resistance to Cadmium—
To characterize the function of PCA1, we expressed the natu-
ral allele (PCA1-WT) and the G970R mutant allele (PCA1) in 
a laboratory yeast strain and examined metal tolerance. In-
deed, expression  of PCA1-WT allows cells to grow on me-
dia containing a cadmium concentration over 10-fold higher 
compared with vector and PCA1 carrying the G970R muta-
tion (Figure 3A). However, growth on media supplemented 
with copper was indistinguishable, which is consistent  for 
copper resistance being dependent on metal binding rather 
than ATPase activity (Figure 3A). No growth advantages in 
cells  expressing PCA1-WT were observed when toxic con-
centrations of  zinc, manganese, cobalt, or iron were added 
to growth media (data not shown), suggesting specificity in 
metal binding and translocation by PCA1-WT. 
Because the RM11-1a strain contains a functional PCA1 al-
lele, it would be predicted that this strain is more resistant to 
cadmium compared with laboratory strains. Cadmium sen-
sitivity was compared between the RM11-1a strain and our 
BY4741 laboratory strain. Indeed, the BY4741 strain is much 
more sensitive to  cadmium (Figure 3B). Deletion of PCA1-
WT in the RM11-1a strain reduces cadmium resistance com-
pared with control cells (Figure 3B) thus underscoring its sig-
nificance in cadmium defense. Cadmium  tolerance returns 
to wild-type levels in the RM11-1a pca1Δ strain transformed 
with a natural promoter-driven PCA1-WT plasmid confirm-
ing  that cadmium sensitivity was specific for deletion of 
PCA1-WT (Figure 3B). As expected, deletion of the nonfunc-
tional PCA1  in the BY4741 strain did not significantly affect 
cadmium resistance.  However, introduction of PCA1-WT 
under control of its natural promoter rescued growth on cad-
mium media (Figure 3B). Interestingly,  the RM11-1a strain 
displayed a cadmium growth advantage over  the BY4741 
strain when PCA1-WT is null-mutated, implying that  there 
may be other factor(s) contributing to cadmium resistance 
(Figure 3B). 
We then asked whether cadmium resistance is coupled 
with active  metal transport of a P1B-type ATPase. Site-di-
rected mutagenesis  of conserved amino acids among P1B-
type ATPases, including the CXXC motif (C421, C424), the 
CPX motif (C859), and the phosphorylation  site (Asp-903), 
completely abolished cadmium resistance (Figure 3C). These 
results suggest that cadmium resistance is dependent on an 
active metal transport mechanism. 
The Cys-rich N-terminal Domain of PCA1 Is Not Essential for 
Cadmium Resistance—PCA1 carries a Cys-rich N-terminal do-
main that does not have significant sequence homology with 
any characterized metal-binding protein. We examined the 
role of this domain in cadmium resistance by expressing the 
N-terminal 392 amino acid domain and a truncation PCA1-
WT allele lacking this domain. The truncated PCA1-WT al-
lele (amino acids 393–1216) includes the CXXC motif because 
it is critical for cadmium resistance (Figure 3C). Cells express-
ing the N-terminal 392-amino acid peptide are more resistant 
to both cadmium and copper compared with empty vector-
transformed cells (Figure 3D). Truncation of this  N-termi-
nal domain did not significantly affect cadmium resistance 
as compared with full-length PCA1-WT (Figure 3D). These 
data suggest  that the Cys-rich N-terminal domain itself re-
duces copper and cadmium toxicity, but it is not critical for 
cadmium transport. In contrast, copper resistance conferred 
by PCA1-WT was abolished in the truncated mutant (Figure 
3D), which further supports the conclusion that copper resis-
tance conferred by PCA1 is not dependent on ATPase activ-
ity but rather metal sequestration by this domain. 
PCA1-mediated Cadmium Export—We addressed three dif-
ferent  possible mechanisms governing PCA1-WT-mediated 
cadmium resistance.  First, PCA1-WT could be involved in 
cadmium sequestration and/or compartmentalization to in-
tracellular organelles. To test this  possibility, total cellu-
lar cadmium levels were measured by  inductively coupled 
Figure 3. PCA1 natural allele (PCA1-WT) plays a critical role in 
cadmium defense. A, PCA1-WT confers resistance to cadmium toxicity. 
BY4741 ace1Δ cells expressing PCA1 cloned from a laboratory strain (PCA1) 
or natural isolate (PCA1-WT) under control of a constitutive promoter of 
the GPD gene were spotted on SC-His media supplemented with CuCl2 or 
CdCl2 at the indicated concentrations. B, PCA1-WT plays a physiological role 
in cadmium defense. Cadmium resistance of laboratory strain BY4741 (BY) 
was compared with natural isolate RM11-1a (RM). Wild-type BY4741 and 
RM11-1a strains or PCA1 null mutants were transformed with empty vector 
or PCA1-WT under control of its natural promoter. Cells were spotted on 
SC-Leu media supplemented with CdCl2 at indicated concentrations. C, cad-
mium resistance conferred by PCA1-WT is dependent on P1B-type ATPase 
catalytic activity. Amino acid substitutions in PCA1-WT were made in the 
N-terminal CXXC motif (C421A and C424A), the CPX motif (C859A), or 
the aspartyl phosphorylation residue (D903A). Cells expressing PCA1-WT 
or mutants were spotted on SC-His media supplemented with indicated con-
centrations of CdCl2. D, the Cys-rich N terminus of PCA1-WT is not es-
sential for cadmium resistance. BY4741 ace1Δ cells expressing empty vector, 
PCA1-WT, PCA1 (amino acids 1–392), and truncated PCA1-WT (amino ac-
ids 393–1216) were spotted on SC-His solid media supplemented with the 
indicated concentrations of CuCl2 or CdCl2.
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plasma mass spectrometry (ICPMS) of cells expressing empty 
vector, PCA1, or PCA1-WT when cultured in cadmium-sup-
plemented  media. Cells expressing PCA1-WT as compared 
with empty vector and PCA1 displayed a marked decrease 
in total cellular cadmium  accumulation (Figure 4A). These 
results indicate that PCA1-WT either reduces cadmium up-
take or enhances efflux. Second, to  address the possibility 
that PCA1-WT may indirectly reduce cellular cadmium up-
take, yeast cells expressing empty vector or GAL1 promoter-
mediated expression of PCA1-WT were pretreated with 
toxic amounts of cadmium under glucose repression. Cells 
were  then washed to remove extracellular cadmium and 
spotted on solid SC media containing either glucose or ga-
lactose. Empty vector-transformed  cells and PCA1-WT dis-
played similar growth under glucose repression (Figure 4B). 
However, cells expressing PCA1-WT displayed an obvious 
growth advantage on galactose media in which PCA1-WT is 
expressed (Figure 4B). Because PCA1-WT expression was re-
pressed during cadmium exposure, its role in cadmium de-
fense must occur after cadmium has already entered the cell. 
Third, to conclusively demonstrate an active efflux role, yeast 
cells were pretreated with cadmium, washed to remove ex-
tracellular cadmium, resuspended in fresh  media, and col-
lected at 30-min intervals to determine cellular  cadmium 
content. Cadmium levels in cells expressing empty vector 
remained relatively constant for 60 min after cadmium re-
moval (Figure 4C and inset). In contrast, cadmium levels rap-
idly declined  in cells expressing PCA1-WT (Figure 4C  and 
inset). Altogether, these data strongly support the conclusion 
that PCA1-WT functions as a cadmium efflux pump. 
 Metal-dependent Regulation of PCA1 Expression—Because 
cadmium concentration in the environment likely fluctuates, 
it is reasonable to predict that cadmium regulates PCA1 ex-
pression. However, Northern blot analysis did not indicate 
any induction of the PCA1 gene after the addition of either 
cadmium or copper to culture media (Figure 5A). Both cad-
mium and copper induced  GSH1 encoding an enzyme re-
quired for GSH synthesis under the same experimental con-
ditions (Figure 5A). We next examined the  possibility of 
post-transcriptional regulation. Total protein  extracts from 
cells expressing N-terminal FLAG epitope-tagged  PCA1-
WT were subjected to Western blot analysis. PCA1-WT-
FLAG  and nontagged PCA1-WT exhibit indistinguishable 
cadmium resistance  indicating that epitope tagging does 
not perturb function (data not shown). Although PCA1-WT 
expression was mediated by a relatively  strong GPD gene 
promoter, PCA1-WT-FLAG was hardly detectable.  How-
ever, cadmium supplementation to culture media dramat-
ically  enhanced PCA1-WT-FLAG protein levels in a time- 
and dose-dependent manner (Figure 5B). Not only cadmium 
but also copper and silver specifically increased PCA1-WT-
FLAG protein levels (Figure 5C).  Because the coding se-
quences of PCA1-WT were inserted into an expression vec-
tor for constitutive expression by a GPD gene promoter and 
CYC1 terminator, it is likely that cadmium, copper, and sil-
ver stabilize PCA1 rather than regulate translation. CCC2, a 
copper-transporting P1B-type ATPase, inserted into the same 
vector, was not regulated by metal ions supporting the con-
clusion that the observed metal regulation of PCA1 is in-
dependent  of the GPD promoter and/or CYC1 terminator 
(data not shown). 
 
Figure 4. PCA1-WT cadmium resistance is dependent on an efflux 
mechanism. A, overexpression of PCA1-WT reduces total cellular cad-
mium content. BY4741 ace1Δ cells transformed with empty vector (p413-
GPD) or PCA1 or PCA1-WT expression vectors were cultured in SC-
His media supplemented with cadmium (50 µM CdCl2) for 6 h. Cells were 
collected and washed, and total cellular cadmium levels were measured by 
ICPMS. Bar graphs represent the average ± S.D. of four independent measure-
ments. B, BY4741 ace1Δ cells were transformed with an expression plasmid 
of PCA1-WT under control of the GAL1 gene promoter or control plasmid. 
Cells were cultured in SC-His media supplemented with 1 mM CdCl2 for 1 
h under glucose repression, washed, and spotted on SC-His media contain-
ing either glucose (Glu) or galactose (Gal). C, PCA1-WT enhances cadmium 
efflux. BY4741 ace1Δ cells transformed with empty vector (closed circles) or 
a GPD promoter-mediated PCA1-WT expression vector (open circles). Cells 
were cultured in SC-His media supplemented with 0.5 mM CdCl2 for 30 min, 
washed, and resuspended in fresh media. Aliquots were collected at indicated 
time points, and cadmium levels were measured. Each data point represents 
the average ± S.D. of four independent samples. Inset indicates percent of ini-
tial cadmium content.
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Subcellular Localization of PCA1-WT—The function of 
PCA1-WT as a cadmium efflux pump suggests that it is lo-
calized at the plasma membrane. To test this prediction, both 
PCA1-WT and PCA1 fused with GFP at the N terminus were 
localized by confocal fluorescence microscopy. The cadmium 
resistance conferred by tagged PCA1-WT-GFP and untagged 
PCA1-WT was indistinguishable  (data not shown). Under 
normal conditions both PCA1 and PCA1-WT  display faint 
fluorescent signals distributed throughout the  cytoplasm 
(Figure 6A). In accordance with the enhanced protein expres-
sion determined by Western blotting (Figure 5, B and C), the 
addition of cadmium (Figure 6A) as well as copper and sil-
ver (data not shown) to culture media dramatically enhanced 
the fluorescent signal in cells. Furthermore, consistent with 
a  predicted role in cadmium efflux, PCA1-WT-GFP is pri-
marily localized  at the plasma membrane in the presence 
of cadmium (Figure 6A) as well as copper and silver (data 
not shown). Addition of zinc, iron, cobalt, lead, and manga-
nese to the culture media had no significant effect on fluo-
rescent signals for PCA1-WT-GFP or  PCA1-GFP (data not 
shown). Expression of the nonfunctional PCA1-GFP was en-
hanced by cadmium; however, it did not properly localize to 
the plasma membrane (Figure 6, A  and  B), suggesting that 
the G970R mutation perturbs trafficking. Western blot anal-
ysis of PCA1-GFP and PCA1-WT-GFP detected a product of 
the predicted size (Figure 6B), indicating that the GFP signal 
reflects full-length  PCA1 protein. These data demonstrate 
that metal ions regulate PCA1-WT protein levels and stimu-
late plasma membrane localization. 
 
Discussion
The P-type ATPase family of integral membrane proteins 
translocates  various ions and phospholipids across mem-
branes using the chemical energy of ATP hydrolysis (15–18, 
51, 60–62). Virtually all organisms rely on these transporters 
for maintaining a transmembrane  gradient of various ions, 
which are vital for nutrient uptake, neurotransmission, sig-
naling, and excretion of toxic metals (15–18, 51, 60–62). The 
P1B-type ATPase specifically  transports soft metals, such as 
copper, cadmium, zinc, and lead (13–18). Our data presented 
here support the conclusion that PCA1, one of the two P1B-
type ATPases in the S. cerevisiae genome, is a cadmium efflux 
pump that is nonfunctional in all five laboratory yeast strains 
that we have examined. Metal-induced stabilization and dis-
tribution of PCA1 at the plasma membrane are likely to be 
important mechanisms of rapid response to excess cadmium. 
This is a novel mode of regulation identified in this family of 
proteins. Function, structural features, and metal-dependent 
regulation patterns of PCA1 revealed important new insights 
into the classification, substrate specificities, mechanisms of 
action, and regulation of P1B-type ATPases. Moreover, this 
study also uncovered that the S. cerevisiae laboratory strains 
that have been used widely as an outstanding model system 
in biomedical sciences do not mirror, at least in cellular cad-
mium defense, the strains living in natural habitats. 
Figure 5. Metal-dependent regulation of PCA1 expression. A, cad-
mium and copper do not induce transcription of PCA1. BY4741 ace1Δ cells 
were cultured in SC media supplemented with cadmium (50 µM CdCl2) or 
copper (50 µM CuCl2) for 15 or 60 min prior to total RNA extraction. Tran-
scripts of PCA1, GSH1 (a positive control), and ACT1 (a loading control) were 
detected by Northern blot analysis using gene-specific 32P-labeled probes. B, 
post-transcriptional regulation of PCA1-WT. BY4741 ace1Δ cells transformed 
with PCA1-WT-FLAG were cultured in SC-His media supplemented with cad-
mium (1, 10, or 50 µM, CdCl2) for 120 min (left panel) or 50 µM CdCl2 (15, 30, 
or 120 min) (right panel). PCA1-WT-FLAG expression was detected by West-
ern blot analysis. PGK was probed as a loading control. C, metal-specific post-
transcriptional regulation of PCA1-WT. BY4741 ace1Δ cells transformed with 
a PCA1-WT-FLAG expression construct were cultured for 120 min in SC-His 
media supplemented with cadmium (50 µM CdCl2), copper (50 µM CuCl2), 
silver (25 µM AgNO3), cobalt (4 mM CoSO4), zinc (15 mM ZnCl2), iron (2 mM 
iron citrate HCl), manganese (15 mM MnCl2), and lead (0.2 mM Pb(NO3)2 
HCl). PCA1-WT-FLAG expression was analyzed by Western blot using anti-
FLAG antibodies. PGK was probed as a loading control. C, control.
Figure 6. Metal- and functionality-dependent changes in subcellular 
distribution of PCA1. A, subcellular localization of wild-type and nonfunc-
tional PCA1. BY4741 ace1Δ cells transformed with empty vector, PCA1-WT-
GFP, or PCA1-GFP expression constructs were cultured to mid-log phase 
with (Cd) or without (C) cadmium (50 µM CdCl2) supplementation for 120 
min. Cells were washed in PBS, and fluorescence was visualized by confocal 
microscopy (left panels) and differential interference contrast (right panels). 
B, Western analysis of PCA1-GFP fusion proteins. Total protein extract was 
prepared from cells with or without cadmium treatment, and PCA1-WT-GFP 
or PCA1-GFP was detected by Western blot analysis using anti-GFP antibod-
ies. PGK was probed as a loading control.
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PCA1 has been proposed and classified as a copper-trans-
porting P1B-type ATPase (37). However our data do not sup-
port a copper-transporting  function. Instead the Cys-rich 
N-terminal domain appears to be the contributing factor in-
volved in copper resistance. The abundant Cys residues may 
serve as ligands for copper binding. Expression of this do-
main itself confers copper tolerance in yeast, which supports 
the hypothesis that these abundant Cys residues participate 
in metal coordination. However, detoxification  of copper-
generated reactive oxygen species (4) by this domain  can-
not be excluded as superoxide dismutase activity has been 
reported for the similar Cys-rich MT (63). It is interesting to 
note that AtHMA2 and AtHMA4, two P1B-type ATPases of 
Arabidopsis thaliana, possess a similar Cys/His-rich domain at 
the C terminus (19, 21, 22). However, these domains do not 
show significant sequence identity with each other or with 
any other known metal-binding proteins. It appears that this 
region is not essential for AtHMA2/4 function (64, 65). Con-
sistently, truncation of the Cys-rich N-terminal domain, ex-
cluding the CXXC motif, does not alter PCA1-WT mediated 
cadmium resistance. This region may play regulatory roles 
through interaction with metals and/or with other proteins. 
Several Ca2+-transporting P-type ATPases were shown to 
carry autoinhibitory domains (51, 60). Binding of regulators 
and phosphorylation of C-terminal residues of H+-transport-
ing ATPases in plants has also been reported (51, 61, 66). We 
are currently testing the regulatory roles of the Cys-rich N-
terminal domain of PCA1. 
A conserved signature of P1B-type ATPase family is the 
one to six CXXC motifs located within the N-terminal region 
(67). For instance, human ATP7a and ATP7b contain six such 
motifs. The two Cys residues bind a single copper (Cu+) ion 
in a linear bicoordinate manner (68). Although copper bind-
ing to these motifs  is firmly established by several meth-
ods, their roles in the function and regulation of ATP7a and 
ATP7b remain unclear. These motifs have been suggested to 
influence copper translocation and/or subcellular trafficking 
of ATP7a and ATP7b (67). Site-directed mutagenesis of the 
CXXC motif in PCA1 showed that the two Cys residues are 
necessary for cadmium resistance, which suggests cadmium 
binding to this domain is critical for PCA1 function.  Cad-
mium coordination unlikely occurs through two Cys resi-
dues but rather with multiple ligands. Future metal binding 
studies  and structural characterization of the Cys-rich do-
main would reveal how PCA1 coordinates cadmium or other 
metal ions. Distinct structural features for metal coordination 
of this domain may explain substrate specificity of P1B-type 
ATPases. Given that the cytosolic copper carrier, Atox1, di-
rectly interacts with the metal binding domain of ATP7a and 
ATP7b, PCA1 may acquire cadmium from a carrier molecule. 
Because cadmium binds thiol  groups (25–29), glutathione 
and/or other cytosolic cadmium carriers may specifically in-
teract with the PCA1 metal binding domain to transfer cad-
mium. For instance, YCF1, a vacuolar ABC transporter uti-
lizes bis(glutathionato)cadmium as its substrate (30). 
P1B-type ATPases are categorized into several subfam-
ilies depending  on substrates and structural features (69), 
although the molecular  determinant(s) for the substrate 
specificities is not known. Given that PCA1 deletion or over-
expression specifically alters  cellular accumulation and re-
sistance of cadmium, PCA1 appears to be the first cadmium-
specific P1B-type ATPase. It is possible that PCA1 may efflux 
other heavy metal ions, but because they do not enhance pro-
tein expression, substrate specificity cannot be deciphered by 
metal resistance. We have addressed this issue by the gener-
ation of a functional PCA1 mutant that is constitutively ex-
pressed even in the absence of cadmium (D. Adle and J. Lee, 
unpublished data). Additionally, in vitro biochemical ATPase 
assays would further define PCA1 substrate specificity. 
Sequence analysis of the PCA1 ORF of two independent 
natural  strains and an industrial strain clearly identified a 
G970R mutation to exist in all examined laboratory strains. 
Although  a few other polymorphisms exist, all carried the 
G970R substitution. It is likely that the ancestral S. cerevisiae 
laboratory strain carrying the original G970R mutation was 
propagated to research laboratories across the world. Inter-
estingly, a PCA1 allele  containing several (27 amino acids) 
missense mutations was identified in a yeast strain that was 
selected on media containing lethal  concentrations of cad-
mium (39). Among these mutations, an R970G  mutation 
was implicated in cadmium resistance conferred by the mu-
tant PCA1 (39). Thus, in this study it appears that a nonfunc-
tional PCA1 mutant was reverted to the functional allele un-
der cadmium stress. The nonfunctional PCA1 allele, at least 
in part, explains cadmium sensitivity of a laboratory strain 
(BY4741) compared with a natural isolate (RM11-1a). How-
ever, the RM11-1a strain was still hyper-resistant compared 
with BY4741 even when PCA1 was deleted in these strains, 
implicating the existence of other  contributing factors in-
volved in cadmium defense. Elucidation  of the underlying 
reason of cadmium hyper-resistance in the  RM11-1a strain 
would lead to a better understanding of the mechanisms in-
volved in cadmium detoxification. 
Regulation of subcellular distribution and transcription of 
P1B-type ATPases have been reported previously, suggesting 
the significance of active regulation of this family of trans-
porters. ATP7a and ATP7b localize to the endoplasmic retic-
ulum-Golgi  membrane where they transport copper across 
the membrane for  incorporation into proteins in the secre-
tory pathway (7, 16, 50, 67). Excess cellular accumulation of 
copper induces trafficking of ATP7a to the plasma membrane 
and ATP7b to cytoplasmic vesicles (67). In addition to post-
translational regulation, several  examples of metal-depen-
dent transcriptional regulation of genes  encoding P1B-type 
ATPases have been reported in plant, yeast, and bacteria (19, 
21, 70–73). PCA1 mRNA levels are not regulated by cadmium 
or copper. However, cadmium dramatically regulates PCA1 
protein levels and promotes localization to the plasma mem-
brane, which is a unique mode of regulation for this family 
of transporters. Interestingly, copper and silver also regulate 
PCA1 protein expression, although PCA1 does not transport 
these metals. Because the N terminus of PCA1 possesses a 
Cys-rich region that likely binds copper, it is plausible that 
metal binding to this domain controls stability of PCA1. 
Given that the Gly-970 residue in PCA1 is conserved 
among this family of proteins and has been positioned in an 
ATP-binding  pocket of two independent structures of P1B-
type ATPases (58, 74), it is likely that this residue is involved 
in ATP binding. Interestingly, the G970R mutant mislocalizes 
to a vesicle-like compartment. An equivalent mutation iden-
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tified in ATP7b of Wilson disease patients might also lead to 
defects in subcellular trafficking. A specific conformation re-
sulting from ATP binding and metal translocation may de-
termine proper trafficking of PCA1. This may occur through 
PCA1 conformation-dependent attraction of secretory and/
or endocytosis machinery. We are currently exploring these 
possibilities. 
Cadmium is one of the most toxic environmental pol-
lutants. It is removed slowly from the body, which may be 
due to high affinity binding to cellular ligands, such as thiol 
groups in proteins, glutathione, methallothionein, and cyste-
ine. Cadmium transporters in hepatocytes and renal epithe-
lial cells, such as ATP-binding cassette, multidrug resistance 
protein, GSH-cadmium complex transporter, have been pro-
posed to efflux GSH or Cys-conjugated  cadmium (23, 24). 
However, no report has identified other P1B-type  ATPases 
in the human genome in addition to ATP7a and ATP7b. Fur-
ther characterization of cadmium efflux systems in higher 
eukaryotes would advance our ability to combat cadmium-
related  disorders and develop methods for remediation of 
toxic heavy metals. 
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